We proposed that inhibition of mitochondrial adenine nucleotide translocator (ANT) by long chain acyl-CoA (LCAC) underlies the mechanism associating obesity and type 2 diabetes. Here we test that after long-term exposure to a high-fat diet (HFD): (i) there is no adaptation of the mitochondrial compartment that would hinder such ANT inhibition, and (ii) ANT has significant control of the relevant aspects of oxidative phosphorylation. After 
Introduction
A diet rich in fat has been shown to induce impaired insulin-stimulated glucose uptake [1] , hyperinsulinemia [2] , and to lead to development of obesity, type 2 diabetes [3] , nonalcoholic fatty-liver disease [4] , and atherosclerosis [5] in the long-term. The increased availability of circulating fatty acids to non-adipose tissues regulating glucose homeostasis (skeletal and cardiac muscle, liver, pancreas) in response to high-fat feeding contributes to accumulation of intracellular triacylglycerols and other fatty acid products (i.e. diacylglycerol, long chain acyl-CoA esters (LCAC) † , ceramide) [4, 6] . These lipid metabolites can adversely affect a wide variety of metabolic pathways leading to decreased intracellular glucose oxidation [7] , impaired insulin signaling [7] and increased oxidative stress [8] .
High-fat diets have been linked to changes in the fatty acid composition and therewith the fluidity of plasma and intracellular membranes [9] , which in turn affect their passive permeability to protons [10] as well as the distribution and dimerization of receptors, activities of mitochondrial membrane-bound enzymes [11] [12] [13] and the content of coenzyme Q [14] . Mitochondrial function is essential for cellular energy metabolism, the production of reactive oxygen species (ROS), and therefore important for the management of cell life and death. Impaired mitochondrial function is emerging as a factor in insulin resistance, obesity and type 2 diabetes [15] [16] [17] . Yet, there have been few studies that ascertained the precise nature and pinned down the molecular mechanism(s) of this dysfunction.
Increased intracellular availability of lipids can lead to increased concentrations of LCAC, molecules that control several aspects of cell function including activation of certain types of protein kinase C, modulation of enzyme activities, protein acylation, ceramide-and/or nitric oxide mediated apoptosis, and binding to nuclear transcriptional factors (reviewed in [18] ). We hypothesized that besides the multitude of the above mentioned effects LCAC may contribute to the mitochondrial and cellular dysfunction in obesity and type 2 diabetes due to persistent partial inhibition of the mitochondrial adenine nucleotide translocator ( ANT). On one hand this inhibition is expected to result in decreased cytosolic ATP/ADP ratios, increased levels of cytosolic AMP and adenosine, and on the other hand it may lead to increased mitochondrial membrane potential (∆ψ) and the
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4 redox state of coenzyme Q, causing increased ROS production and oxidative stress [19, 20] . We have shown recently that ANT is the only target of palmitoyl-CoA in liver mitochondria from non-obese rats and that inhibition of ANT leads to the predicted changes in ATP/ADP ratios and ∆ψ [21] as well as increased production of H 2 O 2 [22] .
However, next to the direct effect on the ANT, LCAC could reprogram gene expression and alter the biochemical composition or abundance of the mitochondria in long-term; therefore here we test this possibility. Furthermore, the control exerted by the target of LCAC, i.e. the ANT over various facets of mitochondrial function could decrease in response to sustained lipid oversupply (e.g. induced by a high-fat diet) making the proposed mechanism [19, 20] less probable. In this paper we therefore assess whether also after a high fat diet feeding ANT exerts significant control over various functional properties of mitochondrial oxidative phosphorylation, notably those that correlate with AMP and ROS production (such as extramitochondrial ATP/ADP ratio and ∆ψ).
To this end, rats were exposed for 7 weeks to either a high-fat diet (HFD) or a low fat diet (LFD). We then examined the effects on (i) abundance, properties and functioning of mitochondria and (ii) control of this functioning by ANT. Our data show that HFD feeding causes accumulation of LCAC in liver but has no effect on the mitochondrial compartment.
Materials and methods

Materials
Yeast hexokinase was from Roche (Mannheim, Germany). Oligomycin, myxothiazol, atractyloside, coenzyme Q 9 , heptadecanoyl-CoA and P 1 ,P
5
-di(adenoside-5') pentaphosphate (Ap5A) were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands).
Animals and diets
The animal treatment conformed to the Guide for the Care At week 6, rats fasted for 6-8 h received an oral glucose load (2 g/kg of body weight).
Blood glucose was measured from tail bleeds with a HemoCue glucose analyser (Angelholm, Sweden) at 120 min after glucose ingestion.
Isolation of mitochondria
Liver mitochondria were isolated through a standard differential centrifugation procedure as described [23] , with 250 mM sucrose, 10 mM Tris-HCl, 3 mM EGTA and 2 mg.ml -1 BSA (pH 7.7) as the isolation medium. Protein content was determined according to Bradford [24] with bovine serum albumin (BSA) as the standard.
Measurement of oxygen uptake, ∆ψ and the ADP/O ratios
In order to simultaneously monitor the oxygen uptake and ∆ψ, mitochondria were incubated at 25°C in a closed, stirred and thermostated glass vessel equipped with Clarktype oxygen electrode and TPP + -sensitive electrode as described before [21] . 
(corrected for proton leak driven respiration [25] ) in response to 400 µM ADP as described [26] .
Determination of mitochondrial cytochrome c + c 1 , b, and a + a 3 content
The concentrations of mitochondrial cytochromes c+c 1 , b and a+a 3 were determined from the difference spectra recorded with a modified SLM Aminco DW-2 double-beam dual wavelength spectrophotometer [27] . 20 µl of mitochondrial suspension was added to 1 ml of 20 mM Tris buffer, pH 7.2 and the oxidized spectra were recorded from 500 nm to 650 nm. Reduced spectra were recorded in the same sample after reduction of the cytochromes with solid sodium dithionite. The concentrations of the cytochromes were calculated from the Gaussian deconvolution of the reduced minus oxidized difference spectra [27] using the extinction coefficients: ε c+c 1 (551-542 nm) = 19 mM -1 .cm -1 [28] , ε b (561-572 nm) = 20 mM -1 .cm -1 [28] , ε a+a 3 (605-630 nm) = 24 mM -1 .cm -1 [29] .
Coenzyme Q 9 measurements
Mitochondrial coenzyme Q 9 was extracted with acidic methanol and petroleum ether and was determined by reverse-phase HPLC using Lichrosorb 10 RP 18 column (4.6 mm × 250mm, Phenomenex) and ethanol/methanol (3:2, v/v) as a mobile phase, flow rate 1 ml.min -1 , as described in [30] . The oxidized and the reduced coenzyme Q 9 were detected at 275 nm and 290 nm, respectively using a Perkin-Elmer LC 235 diode array detector and the concentrations were calculated from the peak area using coenzyme Q 9 as a standard.
Determination of the adenine nucleotide concentration
Adenine nucleotides were extracted with phenol as described [31] . The ATP and ADP concentrations in the samples were measured using a luciferin-luciferase ATP monitoring kit (BioOrbit, Turku, Finland). The fractions of ATP in the medium and in the mitochondrial matrix were derived from the hexokinase kinetics as described [21] .
Determination of LCAC concentration in liver
Frozen liver biopsies were rapidly homogenized with five volumes of ice-cold ammonium acetate buffer (100 mM, pH 5.0). Next, 0.27 ml of the homogenate was mixed with 0.03 ml Quantification was based on peak area using C17:0-CoA as internal standard.
The sensitivity (response coefficient) of total hepatic LCAC concentration to change in total fatty acid (FA) concentration in the diet was calculated as:
Determination of the relative mitochondrial copy number
Genomic DNA was extracted and purified from approximately 30 mg of frozen liver using DNeasy columns (Qiagen, Venlo, The Netherlands). Purity and quantity of extracted DNA was determined spectrophotometrically at 260 and 280 nm. The mitochondrial DNA (mtDNA) content was measured using real-time PCR. Primers for mtDNA were designed The threshold cycle number (C t ) was calculated using SDS software version 1.9 (Applied Biosystems) and an automated setting of the baseline. The relative mitochondrial copy number (R c ) was determined as described in [33] , using the equations:
Immunohistochemistry
The formalin-fixed paraffin-embedded liver sections (4 µm) were mounted on the 
Modular kinetic analysis
In the first application of the analysis, the enzymes of oxidative phosphorylation were conceptually grouped into three functional modules with ∆ψ as connecting intermediate:
substrate oxidation (comprised of dicarboxylate carrier, matrix dehydrogenases and respiratory chain), (ii) phosphorylation module (comprised of phosphate carrier, ATP synthase, ANT and exogenous hexokinase) and (iii) proton leak module (comprised of membrane permeability to protons and cation cycling across the membrane) [25] . In the second application of the analysis the enzymes were grouped into two functional modules with matrix A TP/ADP ratio as connecting intermediate: (i) ATP-producing module (comprised of dicarboxylate carrier, matrix dehydrogenases and respiratory chain, phosphate carrier and ATP synthase) and (ii) ATP-consuming module (comprised of ANT and exogenous hexokinase) [21] . The kinetic response of flux through the modules to changes in the levels of connecting intermediates was determined by titration with modulespecific inhibitors as described [25, 21] .
Modular metabolic control analysis
The (Fig. 1) . The control coefficients of ANT for oxygen uptake (J o ) and phosphorylation (J p ) fluxes and intermediates were calculated from the system fluxes and elasticity coefficients using modular MCA as described [22] .
The control coefficient of ANT for ∆ψ was calculated as described in [37] . Co-response coefficients and elasticity coefficients that were used in the calculations of control coefficients were determined as described in [22] and are given in supplementary material Tables S.1 and S.2, respectively.
Data presentation and statistical analysis
Data are expressed as averages, ± SEM. The n values represent the number of independent experiments. Statistical significance of the differences was determined using Student's t-
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10 test. A P<0.05 that the difference arose by chance was considered to make the difference statistically significant.
Results
High -fat diet causes impaired glucose tolerance
After 7 weeks of exposure to the diets the mean body weight was not significantly different between the two diet groups (468 ± 14 g and 465 ± 12 g for LFD and HFD group, respectively). Fasting glucose levels (6.1 ± 0.3 mM and 6.7 ± 0.1 mM for LFD and HFD group, respectively) were significantly higher (P < 0.05) in HFD group. Moreover, 2 hours post-load blood glucose levels (7.3 ± 0.5 mM and 8.8 ± 0.3 mM for LFD and HFD group, respectively) were significantly higher (P < 0.05) in HFD group. Table 1 shows the LCAC composition in rat-liver following a 7-week LFD-or HFD-feeding. The HFD-feeding resulted in a significant increase in the LCAC content of the liver: the total LCAC concentration was 24 ± 6 % (P < 0.01, n = 6) higher in livers of HFD-fed rats than in livers of LFD-fed rats. This effect was limited when related to the fatty acid content of HFD (the amount of fatty acids in the HFD was three times the amount in the LFD): the average response coefficient was 0.1, reflecting appreciable homeostasis.
High -fat diet increased hepatic long chain acyl-CoA content
HFD (which had the same relative fatty acid composition as the low fat diet) caused slight change of the hepatic LCAC composition in the direction of that of the diet, but the change was rather limited: the composition remained closer to the composition of the control (LFD) liver than to the HFD composition. The most abundant LCAC-species in both LFD-and HFD-fed rat livers were oleoyl-CoA (C18:1) and arachidonoyl-CoA (C20:4). Especially the latter was much more abundant in the livers than in the diet. More generally, the concentration of long chain acyl-CoA esters containing acyl groups with C20 was much less affected by HFD-feeding compared to the ones with a shorter acyl chain.
A C C E P T E D M A N U S C R I P T
High-fat diet increased protein oxidative stress
We examined whether HFD-feeding led to increased oxidative stress. N ε -(carboxymethyl)lysine (CML) and 4 -hydroxy-2-nonenal (HNE) were stained as tissue markers of protein and membrane lipid damage, respectively. Livers from LFD-fed rats only showed mildly positive CML-staining (staining score 0.8 ± 0.3) (Fig. 2A) , whereas HFD-feeding caused significant (P < 0.001) accumulation of CML in the cytosol of hepatocytes (staining score 9.0 ± 1.0), with areas around the central vein and the portal triad most affected (Fig. 2B ). 4-hydroxy-2-nonenal (HNE; a marker of membrane lipid damage) accumulated only slightly the cytosol and in the nuclei of hepatocytes, and this was similar between both diet groups (data not shown).
High-fat diet hardly affected mitochondrial makeup
Next, we determined how HFD affected the mitochondria. The mitochondrial copy number, as determined by the ratio of mtDNA relative to genomic DNA (PGC-1α gene)
did not differ significantly between the livers of LFD-and HFD-fed rats (204 ± 62 (n=4) and 221 ± 52 (n = 4), respectively).
The number of mitochondria being similar, the biochemical composition of the mitochondria could have changed. Table 2 summarizes the content of respiratory chain coenzymes for the two diet groups. There was no significant difference in the content of coenzyme Q 9 , cytochrome b and cytochromes a + a 3 between the diet groups. The content of the cytochrome c + c 1 was 20 ± 5 % (P < 0.05) lower in the HFD-treated group.
Although the number of mitochondria was the same in livers from LFD-and HFDfed rats, the HFD feeding could have increased the respiratory activity of mitochondria.
Thus we determined steady-state properties of isolated, actively phosphorylating (state 3)
liver mitochondria from HFD-and LFD-fed rats respiring on the TCA-cycle intermediate succinate as the substrate. Table 3 shows that there was no such adaptation either: steadystate oxygen uptake and phosphorylation rate, ∆ψ, the ratio of reduced-to-oxidized coenzyme Q 9 , the intra-and extramitochondrial ATP/ADP ratio were all similar between the diet groups. Furthermore, the basal membrane permeability to protons was not changed in mitochondria from HFD-fed rat-livers (Table 3 ). The efficiency of oxidative
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12 phosphorylation expressed as the number of ADP molecules phosphorylated per oxygen atom reduced (ADP/O ratio) was not affected by the diet either (Table 3) .
Finally, we examined the functional components of mitochondrial oxidative phosphorylation, through a modular kinetic analysis [cf. 21]. The kinetics of the phosphorylating module (Fig. 3A) , substrate oxidation module (Fig. 3B ) and the proton leak module (Fig 3C) were comparable between mitochondria from rats fed LFD and HFD. This is concluded from similar magnitudes of the phosphorylation flux, the oxygen uptake flux and the proton leak flux when compared for any same magnitude of ∆ψ. Modular kinetic analysis with the intramitochondrial ATP/ADP ratio as an intermediate yielded similar kinetics for the ATP-producing module (Fig. 4A) , as well as for the ATPconsuming module (Fig. 4B ) in the mitochondria in livers of LFD-and HFD-fed rats. This is concluded from the similar fluxes through the modules in both investigated groups at any given matrix ATP/ADP ratio.
The adenine nucleotide translocator controls mitochondrial function in mitochondria from HFD-fed rats
Our hypothesis requires that ANT have significant control over various properties of mitochondrial oxidative phosphorylation also in conditions of lipid oversupply. We therefore determined the control exerted by ANT in mitochondria isolated from HFD-fed rat livers and compared this control to that in liver mitochondria from LFD-fed rats. Table 4 shows the control coefficients of ANT for oxygen uptake (J o ) and phosphorylation (J p ) fluxes, ∆ψ, intra-and extramitochondrial ATP/ADP ratio in liver mitochondria from from LFD-and HFD-fed rats. ANT exerted strong control on the intra-and extramitochondrial ATP/ADP ratios, and substantial control over oxygen uptake and phosphorylation fluxes and ∆ψ. Furthermore, the control was retained also after exposure to HFD. The control of intramitochondrial ATP/ADP ratio and ∆ψ by ANT was negative, since stimulation of ANT activity leads to lower levels of these intermediates.
Discussion
We have shown that HFD feeding induced impaired glucose tolerance but did not lead to increased body weight gain in adult rats. HFD caused accumulation of LCAC and
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13 the oxidative stress marker N ε -(carboxymethyl)lysine in liver. However HFD did not alter the number of the mitochondria per cell in the livers and neither the oxidative capacity or efficiency of oxidative phosphorylation in these mitochondria significantly. Furthermore, ANT exerted significant control on various aspects of oxidative phosphorylation also in the liver mitochondria of the HFD-fed rats.
We previously reported that HFD-feeding induces a glucose intolerant, non-obese phenotype, with accumulation of intracellular triacylglycerols in skeletal muscle and liver [38, cf. 3 ]. Here we demonstrate that HFD also causes a significant increase in the concentration of LCAC, the metabolically active form of fatty acids, in liver. Besides being substrates for β-oxidation, LCAC are emerging as important regulators of a variety of biological processes including mitochondrial metabolism [39] , insulin secretion and signaling [40] . Furthermore, LCAC were shown to inhibit a number of mitochondrial transport systems including the ANT, dicarboxylate, tricarboxylate and phosphate carriers [41] . However, the observation that LCAC concentration needed to at least partly block di-, tricarboxylate and phosphate carriers would inhibit the ANT completely preventing any activity of oxidative phosphorylation poses a question whether the inhibition of the former carriers is of physiological significance.
In the present study the most obvious increase was observed in LCAC species containing acyl chains with C16:0 and C18 of various degrees of unsaturation, while the content of LCAC with C20 was less affected by HFD. Higher content of C20:4 species in rat-livers compared to that in the diets may be explained by the synthesis of arachidonic acid from its immediate dietary precursor, i.e. linoleic acid (C18:2). In general, strong homeostasis in hepatic LCAC composition was observed, although HFD-induced changes in the hepatic LCAC profile partly reflected the dietary fatty acid composition.
To assess whether HFD-feeding can lead to increased oxidative stress we used CML and HNE-protein adducts as markers. CML can arise from both non-enzymatic glycosylation and oxidation of proteins [42] and from metal-catalyzed lipoprotein peroxidation [43] , whereas HNE is a product of peroxidative degradation of polyunsaturated membrane l ipids [44] . Exposure to HFD but not LFD increased accumulation of CML in the liver indicating increased oxidative stress. The observation that in HFD livers more CML, but not HNE, was found around the central vein and the
14 portal triad, combined with the fact that HFD led to higher fasting blood glucose levels,
indicates that CML formation may have resulted from increased protein glycation. The lack of HNE accumulation in livers of HFD-fed rat is in line with the fact that unsaturation index of both diets was the same, while it was shown that high levels of unsaturated fat rather than of saturated fat increased lipid-mediated oxidative stress and decreased the activity of antioxidant enzymes due to higher susceptibility of double bonds to oxidation [45] . In this paper we discuss the diets in terms of their fat contents, but the correlating changes in protein and carbohydrate composition should also be taken into consideration.
E.g. in contrast to our findings it was reported that two weeks of high-fat diet feeding leads to decreased oxidative capacity of liver mitochondria [47] and this discrepancy may result from the fact that protein / carbohydrate ratio in the diets was different. On the other hand, this may also indicate that although we did not find adaptation at the level of oxidative phosphorylation in response to HFD feeding, adaptation might have occurred at other
15 levels. The lack of strong functional impairment observed in isolated mitochondria when they are separated from the cytosolic (presumably toxic) environment might be an indication that other, unassessed, adaptation processes have been present (e.g. increased levels of antioxidant enzymes, ROS scavengers, mitochondrial uncoupling proteins (UCPs)) that allowed mitochondria to maintain normal functionality. Indeed, it was shown that the functions of skeletal muscle mitochondrial remain unaltered after 36 weeks of exposure to HFD due to such adaptive changes [8] .
However, the lower content of cytochrome c + c 1 in liver mitochondria from HFDfed rats indicates that on the longer term HFD would have led to impaired mitochondrial function. Cytochrome c loss from the mitochondrial intermembrane space is an early step in a chain of events leading to changes in the mitochondrial integrity (e.g. the opening of the permeability transition pore and dissipation of ∆ψ) and is a signal towards apoptosis [48] .
The amount and composition of dietary lipids have been shown to influence the physical properties of phospholipid bilayers [49] and the expression of UCPs that catalyze an inducible proton conductance [50] , and thus may affect proton leak across the inner mitochondrial membrane. We found no significant effect of HFD on the proton leak rate and kinetics in vitro. From our experiment we can conclude that the integrity and the physical properties of the mitochondrial membrane were not affected by HFD feeding.
However, it can not be excluded that there was increased expression and activity of UCPs in liver mitochondria from HFD-fed rats in vivo, because it is possible that the procedure of isolation of the mitochondria caused removal of substances activating UCPs, e.g. fatty acids by binding to albumin present in the isolation and the reaction media.
We have shown here that HFD causes accumulation of LCAC (in particular C16:0 and C18 species) in liver. It has been hypothesized that inhibition of the mitochondrial ANT by increased concentration of intracellular LCAC caused by oversupply of lipids may be among the mechanisms underlying cellular dysfunction in obesity and type 2 diabetes.
Under hyperlipidemic conditions high intracellular concentrations of LCAC are expected to lead to persistent inhibition of the ANT of various degrees resulting in lower cytosolic ATP/ADP ratio, increased cytosolic AMP levels and ∆ψ, and stimulation of ROS production [19, 20] . Only long chain (i.e. C>12) but not short chain acyl-CoA esters or free
CoA are potent inhibitors of the ANT [51] . Saturated LCAC such as palmitoyl-CoA exert
16 stronger effects than unsaturated LCAC [52] . and ATP out /ADP out intra-and extramitochondrial ratios, respectively. A C C E P T E D M A N U S C R I P T Ratio reduced-to-oxidized Q 9 3.3 ± 0. 
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